Rats continuously exposed to NO2 at 0.04, 0.4, and 4.0 ppm for as long as 27 months were submitted to morphological observation and electronmicroscopic morphometry of the lung.
Introduction
When animals were exposed to high concentrations of NO2, they died due to hemorrhage, edema, and cell infiltration in the lung. The study of long-term NO2 exposure is important for elucidating the effects on humans exposed to polluting agents in the atmosphere (1, 2) .
There are a number of reports, including a series of works by Freeman and his colleagues, concerning the morphological effects on the lungs of relatively low concentrations of NO2 for 1 month or longer (3) (4) (5) (6) (7) (8) (9) (10) (11) . The common fundamental lesions in these studies are found mainly at both the airways and bronchopulmonary junction, and include: uneven arrangement, shortening, or loss of cilia in ciliated epithelium, and hypertrophy, hyperplasia, and hypersecretion of nonciliated epithelium; fibrous thickening of connective tissue at the terminal end of air tracts; and damage and desquamation of type I epithelial cells and subsequent proliferative response *Basic Medical Sciences Division, National Institute for Environmental Studies, Yatabe, Tsukuba, Ibaraki, 305, Japan.
tNational Institute of Industrial Health, 21-1 Nagao 6-chome, Tama-ku, Kawasaki 214, Japan. of type II epithelial cells. Extremely high levels of NO2 exposure induced emphysema (3) (4) (5) (6) 8, 10, 11) , and the pathological findings in the lung from this disease were reported (12) (13) (14) . There were, however, very few reports on effects of NO2 at a low level over a lifetime under well-controlled experimental conditions. Moreover, the usual descriptive pathology is insufficient to evaluate the degree of such mild or focal lesions caused by ambient levels of NO2 concentration and to compare studies.
The experimental methods used in this study included not only ordinary light and electron transmission microscopy, but also electron microscopic morphometry as described by Weibel et al. (15, 16) to obtain quantitative data on pathological findings (17) (18) (19) (20) (21) . Pathological changes were evaluated objectively.
Materials and Methods

Experimental Conditions
Animals. Two-month-old male rats of JCL/Wistar strain (SPF) were exposed continuously (24 hr/day) to three concentration levels of NO2 (0.04 + 0.008, 0.40 + 0.04, and 4.0 ± 0.4 ppm) for 9, 18, and 27 months.
One group served as a control. The exposure procedure and the time course of the survival of exposed animals in the present study were reported in detail previously by Sagai et al. (22) . Three or four animals selected randomly from each group were used for morphological observation and electron microscopic morphometry. Serological Examination. Serological testing such as complement binding response was conducted for the serum of all experimental rats at the time of the experiment in order to detect any trace of lung infection. A few animals showed an increase of antibody response to B. bronchoseptica and Sendai virus; the positive ratios for all experimental animals were 7.9 and 1.2%, respectively. Nevertheless, pathological changes induced by infection were not observed in the lungs of any animals. The indices of electron microscopic morphometry of the lungs of all control animals measured at each exposure time were within the normal range. These findings confirmed that no pathogenic microbes, including those causing respiratory infection, altered the lungs of rats used in this study. Morphometry Procedure
Tissue Preparation. The thorax was opened under anesthesia with sodium pentobarbital. Ice-cold isotonic glutaraldehyde fixative (1.5% glutaraldehyde in 0.088 M cacodylate buffer at pH 7.4 with 1.5% dextran, osmolarity 330 mOsm) was dropped from a height of 20 cm and was instilled through a needle inserted in the trachea in situ, and at the same time depletion was accomplished by cutting the femoral artery. Subsequently, the lung was ifiled with the fixative and fully re-enlarged inside the opened thorax. When the inserted needle was withdrawn, the excess fixative overflowed, leaving the lung fixed at about 50% volume level of total lung capacity. Vertical slices of about 2 mm thickness through the hilar region of the lung were cut and fixed overnight in the same fixative. The slice was cut into 10 Alveoli adjacent to the ends of the terminal bronchioles and to the small blood vessels were excluded from the counts, and alveoli at the more peripheral regions were subjected to measurement.
Morphometry. Electron micrographs were projected to a final magnification of x 8000 on a screen by the coherent multipurpose test system described by Weibel et al. (15) , and the arithmetic mean thickness of the air-blood barrier (AMT) was measured. AMT was measured for 80 micrographs per group, consisting of 10 micrographs from four sections each of two experimental animals.
AMT was expressed without any correction for shrinkage or elongation factors in the course of sample preparation because the procedure used was the same for all groups observed (20 After 27 months of exposure, morphological changes of bronchiolar mucosa remained on the same level as at 18 months; however, the lesions in the area from bronchopulmonary junction to the proximal alveoli progressed more severely, and the interstitial fibrosis and hyperplasia of epithelium seemed to progress steadily. Pathological changes in walls of the more peripheral alveoli were obscure, and the alveolar structure was maintained very well until 27 months of exposure, and no emphysema developed.
Electron microscopic observation proved that various components of alveolar wall changed depending on NO2 concentration and exposure periods. The following findings were observed: hypertrophy of type I and type II cells, increase of cellular organella, increase of homogeneous matrix of interstitial tissue, polymorphic change of interstitial cells, increase of collagen fibers in the interstitium, and heterogenity of endothelium in the vasa. Intracellular edema, degeneration, and necrosis were seldom found. Appearance of macrophages and infiltration of inflammatory cells into the alveolar wall were not conspicuous throughout the inhalation period (Figs. 3-7) .
Findings such as those described are too qualitative and local to give an understanding of to what extent and how the lesion developed. Morphometric quantification helps to elucidate the time-course image of pathological change and the concentration-dependent change clearly, in addition to facilitating an understanding of qualitative morphological alterations.
The time course of alveolar lesions seemed to show two phases: the first phase was from 9 to 18 months of exposure, and the second phase was from 18 to 27 months. Various kinds of tissue components increased in the first phase, but decreased in the second phase. Phase 1. At 9 months, a decrease in cell number (Fig. 8B) and an increase in cell volume of type I epithelium (Fig. 8C) were observed. As a result of these changes, the comparative ratio of type II cell number to type I cell number increased (Fig. 9) .
At 18 months, an increase of cell number (Fig. 10B ) Electron microscopy showed evidence of recovery of the alveolar epithelium during months 18 to 27. However, the total volume of interstitial tissue, including either cellular or noncellular components, decreased (Fig. 11) , and electron micrographs indicated that interstitial edema was replaced by collagen fibers (Fig. 12A,B) .
The de novo synthesis of fiber in interstitium did not always mean complete recovery, and the possibility of functional disturbance was also suggested. Accordingly, the lesions of the alveolar wall were progressing to the next pathological phase during this period.
It is evident that the lesions of the alveolar wall progressed very slowly under long-term exposure to 4 ppm NO2. Some of the lesions of the alveolar epithelium appeared to be repaired, whereas other lesions of the interstitium were always progressive.
ppm
The lesion was generally milder than 4 ppm, and the initial time was delayed. The morphological change of bronchiolar epithelium, bronchopulmonary junction, and alveolar walls was detectable at 18 months by electron microscopy ( Fig. 13) , but no definite morphological change was discerned by light microscopy until month 27.
As evidenced by morphometric indices, AMT (Table  1 , Fig. 14A,B) and various indicators concerning interstitium (Fig. 11 ) increased according to exposure time.
Interestingly, alveolar epithelium showed a tendency toward recovery at 27 months in the same pattern as at the 4 ppm level (Figs. 8-10) .
The lesions at the 0.4 ppm level corresponding to the first phase at 4 ppm progressed very slowly, and the degree of the alteration was emphasized with time, though the degree of alteration was slight. After a fully prolonged exposure period, the typical pathological lesion was seen. 
The difference of morphological findings between the control group and the 0.04 ppm-exposed group from 9 to 27 months could not be determined by light and electron microscopy. However, morphometric indices showing the tendency of increment of AMT (Table 1 10) depending on exposure period suggested that reactions similar to those at the 0.4 ppm level were expressed in a milder form.
Discussion Effects of Chronic NO2 Exposure
Morphological findings in rats chronically exposed to NO2 were summarized in the "Introduction." The character of lesions, particularly of 4 ppm groups, was the same as reported in other studies (3) (4) (5) 8, 10 ). At the 4 ppm level or lower, we could not find any sign of inflammatory cell infiltration or enlargement of the lymphatic system, or emphysema.
Freeman et al. (5) and Stephens et al. (7, 23) indicated that typical lesions occurred in rats exposed to 2 ppm NO2 for 2 years. Compared with these results (5,7,23), the lesions induced by 4 ppm were more severe. Furiosi et al. (24) also found hypertrophy of bronchial epithelia in rats exposed to 2 ppm for 425 days. Evans et al. (10) reported that exposure to 1 to 2 ppm for life clearly induced lesions of the epithelial lining of the airway, although these lesions were not as severe.
Little work has been done on the effects of chronic exposure to 2 ppm or less. Wagner et al. (25) reported that they could not gain any positive results from several species of rodents, including rats and mice, exposed intermittently to 1 ppm for 6 hr/day or 5 days/week for 18 months. Their histological description also included some inflammatory changes common to both experimental and control groups. Exposure to 0.8 ppm for 33 months occasionally induced slight morphological alterations in the small bronchiolar epithelia, but the result was evaluated to be negative on the whole (4). Blair (26) observed the emphysematous hyperextension of alveoli and the thickening of alveolar wall in the mouse exposed to 0.5 ppm for as long as 12 months. However, lack of the typical lesion induced by NO2, appearance of pneumonia, and inflammatory changes require prudent interpretation.
Port et al. (27) exposed mice to 0.1 ppm NO2 with a 2 hr peak of 1 ppm NO2 daily for 6 months. The emphysematous changes in the lung were dilated respiratory bronchioles and alveolar ducts. In the present study, at 0.4 ppm, the slight degree of morphological alterations appeared later than 18 months and extended to the typical lesion at 27 months. From these results, it was assumed that NO2 exposure to 0.4 ppm or more should certainly induce definite injury to the lung tissue under long enough exposure periods.
Initial Lesions
In addition to long-tern exposure at low levels, there were some reports about lesions induced by low level exposure for 2 or 3 months. Nakajima et al. (29) Kyono and Kawai (19) clearly detected the typical lesions in lungs of rats exposed to 3 ppm or more for 1 month and the slight morphological alterations of bronchial epithelia and thickening of the alveolar wall at 0. for 1 week to 18 months. They reported that the lesions in the middle-sized bronchi appeared at 1 week at the 4 or 8 ppm level, at 3 weeks at 2 ppm, and at 4 weeks at 0.5 ppm NO2. The locus ofthe lesion extended toward the distal airways as exposure time was prolonged. These positive results from low-level exposure for a short term suggest that the response of the lung tissue at even the 0.5 ppm level should appear at a relatively early time after exposure.
Recovery of Lesions
In our second experiment (32) , rats were exposed to 0.04 to 0.4 ppm for 3 to 18 months. The very weak responses, i.e., reduction of the number of extruded cell and mild hypertrophy of the terminal bronchiolar lining, continued throughout the exposure periods. The responses that appeared in the lung at 3 or 18 months were stronger than those at 6 or 9 months. The responses after 6 or 9 months seemed to be weaker than those at 3 months; therefore, the degree of respiratory lesions in these periods did not (9, 10, (33) (34) (35) (36) . In long-term exposure at 2 ppm and 0.5 ppm (37) , the same phenomena in the alveoli were reported (8) . It is accepted that once these mechanisms have started, the newly repaired epithelium shows tolerance to NO2 (10 of slightly thickened air-blood barrier (I) supports accumulation of minute changes in the alveolar wall. Electron lucent edematous space~~~~~~~~~~~Haiti:' and collagen fibersappear in the interstitium.~~~~~~~~~~~~~~~~~~~~~~~~~~~fle after the repair system was activated. The lung response of 25-month-old rats was as high as that of 1-month-old rats. Age-related differences in sensitivity to NO2 have been noted recently (39, 40) . It has been reported that lung impairment in neonatal mice and rats is slight, while sensitivity increases in young adult animals (41) . Also, the onset of cell repair is slower in older rats (35, 42) . However, little is known about the relationship between the age of animals and effects on the lung of lower concentrations of NO2 (<1 ppm) and NO2 at ambient air pollution levels. Kyono and Kawai (19) performed electron microscopic morphometry on the alveolar wall (excluding the alveolar ducts) on the lungs of 1, 3, 12, and 21-month-old rats exposed to 0.1 to 10 ppm NO2 continuously for 1 month. The response of lung tissue to NO2 exposure showed age-related differences at exposure onset. Based on the morphometric index, the reactivity was highest in the 1-month-old and decreased in order in the 3-and 12-month-old, but increased again in the 21-month-old rats. They reported that volume density of alveolar wall tissue and surface area of alveoli and capillary lumen of the groups (except for 12-month-old rats exposed to 0.1 and 0.5 ppm for 1 month) differed significantly from control groups, which meant the increase of AMT.
Judging from these findings, aging probably has a close relationship to susceptibility to NO2 in rats. Middle-aged rats generally responded weakly to NO2, but older rats responded strongly. It is fully expected that the lesions induced by low concentrations of NO2 become stronger and that qualitative alterations may occur after 18 months due to the modified susceptibility with aging. Some changes in connective tissue in lung and slight enlargement of alveoli were noted in rats after chronic exposure to NO2 (23, 43) . How and to what extent does the continuous exposure to low level of NO2 accelerate the age-dependent thickening or fibrogenesis of alveolar wall? These problems as a causative factor of emphysema (44) in animals with a far longer life-span than rats remains to be determined.
